Co-Zr based alloy has attracted much interest of potential to replace the rare earthcontaining hard magnetic materials due to its high coercivity. In this study, we investigated the effects of subtituting elements of M (Ti, Si and Nb) and annealing temperature on the structure and magnetic properties of Co 79-x Zr 18+x-y M y B 3 alloy ribbons (x = 0 -2, y = 0 -4). The alloy ribbons with a thickness of 20 µm were prepared by melt-spinning method with a rolling speed of 40 ms -1 . A part of the melt-spun ribbons was annealed at different temperatures from 550 to 800 o C for various durations from 2 to 15 minutes. Their structure and magnetic properties were investigated by X-ray diffraction (XRD) and a pulsed field magnetometer (PFM), respectively. The results of the XRD analysis showed that two soft magnetic phases, namely Co and Co 23 Zr 6 , coexist with a Co 5 Zr hard magnetic phase in the alloy ribbons. The fraction of these phases was changed with both the concentration of the subtituting elements and annealing process. Hard magnetic properties of the alloy ribbons can be strengthened significantly, namely a large coercivity H c > 4 kOe and maximum energy product (BH) max > 3.5 MGOe were obtained with an appropriate concentration of Ti, Si or Nb and annealing process. Furthermore, the subtituting elements also affect the optimal annealing temperature for these alloys. The obtained strong hard magnetic parameters of these rare earth-free alloys are of great importance in pratical application.
INTRODUCTION
The rare earth-containing hard magnetic materials with their good intrinsic properties have been extensively used in common elecfonical devices from mobile phones and laptops to electric motors, generators, flywheel enerry storage, magnetic levitation transport, etc [l-2]. However, rare earth elements are becoming quickly exhausted in nature making the price of rare earth magnets increase rapidly [3] . Therefore, scientists have been focusing on finding out new hard magnetic materials which contain no rare earth elements and can be applied in practical applications. Recently, it has been reported that Co-Zr based alloys show promising magnetic properties including relative high magnetocrystalline anisotropy, high Curie temperature and high coercivity [4] [5] [6] [7] . It is found that the Co 80 Zr 18 B 2 alloy ribbons, which are fabricated by using a rapid quenching method and consequently annealing, could have a coercivity (H c ) as high as of 4.4 kOe and maximum energy product (BH) max of 4.7 MGOe [7] . These hard magnetic properties in these alloys are attributed to the Co 11 Zr 2 and Co 5 Zr phases [6, [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . There are several approaches to enhance the coercivity of Co-Zr based alloys, such as adding metallic elecments (Ti, Si or Mo) to facilitate the formation of the hard-magnetic phases and decrease both the grain size and the fraction of the soft magnetic phase of Co [18] [19] [20] [21] [22] .
According to Gabai et al. [23] , the replacement of Ti for Zr can prevent the development of gains in the Co 83.6 Zr 16.4 alloy ribbons resulting in effectively changes of the magnetic properties of Co 80 Zr 18-x Ti x B 2 (x = 1, 2, 3 and 4) alloys. In particular, the values of coercivity H c and maximum energy product (BH) max of these alloys were increased from 3 to 3.2 kOe and 3.2 to 5 MGOe, respectively, with x = 3 [24] . On the other hand, Chang et al. [22] showed that the replacement of Si for Zr also can improve the remanence B r , coercivity H c and maximum energy product (BH) max of Co 80 Zr 18-x Si x B 2 (x = 0 -2) alloy ribbons. The optimal magnetic properties (B r = 5.2 kG, H c = 4.5 kOe and (BH) max = 5.3 MGOe) were obtained in Co 80 Zr 17 Si 1 B 2 ribbons (x = 1). Furthermore, the highest H c ~ 6.7 kOe was obtained for the Co 76 Zr 18 Si 3 B 3 alloys after annealing at 500-700 o C for 5 -20 minutes [4] . The effect of Nb substitution for Zr and annealing temperture on the structure and magnetic properties of Co 80 Zr 18-x Nb x B 2 (x = 1 -4) alloy ribbons also has been investigated by Hou et al [25] . The highest value of H c = 5.1 kOe and (BH) max = 3.4 MGOe were obtained by substituting 3 at% of Nb for Zr and annealing at 600 o C for 3 minutes. However, these hard magnetic properties are still lower than those of the rare earth-based alloys for the pratical applications.
In this paper, we present the effects of subtituting elements of M (Ti, Si and Nb) and annealing temperatures on the structure and magnetic properties of Co 79-x Zr 18+x-y M y B 3 alloy ribbons (x = 0 -2, y = 0 -4). Hard magnetic properties of the alloy ribbons can be strengthened so significantly as a coercivity of H c > 4 kOe and maximum energy product of (BH) max > 3. 5 MGOe with an appropriate concentration of Ti, Si or Nb and annealing process.
EXPERIMENTAL
In this study, ingots with nominal compositions of Co 79-x Zr 18+x-y M y B 3 (M = Ti, Si and Nb, x = 0 -2, y = 0 -4) were prepared from pure components of Co, Zr, Ti, Si, Nb and B using an arc-melting furnace to ensure their homogeneity. Then the melt-spun ribbons were fabricated by a single roller melt-spinning system. The ribbons of 2-mm-width and 20-µm-thick were obtained with a rolling speed of 40 ms -1 . A part of the melt-spun ribbons was annealed at various temperatures (550 -800 o C) and durations (2 -15 minutes). All the arc-melting, melt-spinning and annealing processes were performed under Ar atmosphere to avoid oxidization. The structure and magnetic properties of the alloy ribbons were analyzed by X-ray diffraction (XRD) and a pulsed fleld magnetometer (PFM), respectively. The demagnetization effect, which depends on shape of measured specimens, was taken into account calculation of (BH) max of the alloys. For the as-spun ribbons, only a large diffraction peak which is assigned to a soft magnetic phase of fcc-Co is observed while very small diffraction peaks of hard magnetic phase of Co 5 Zr is shown. When the alloy ribbons were annealed at 650 o C for 10 minutes, the intensity of the diffraction peaks of the hard magnetic phase of Co-Zr is significantly increased, especially the Co 5 Zr hard magnetic phase. On the other hand, the annealed alloy ribbon shows another Co 23 Zr 6 soft magnetic phase. These obtained results are consistent with those of Co 80 Zr 18 B 2 alloy ribbons which are reported in Refs [6, 8, 26, 27] . Figure 2 shows the XRD patterns of Si-subtituting Co 79-x Zr 18+x-y Si y B 3 (x = 2, y = 0 -4) ribbons before and after annealing at 650 o C for 10 minutes. It is clearly seen that all the asquenched ribbons already have crystalline phases which are assigned to fcc-Co, Co 23 Zr 6 and Co 5 Zr phases (Fig. 2a) . However, some of these crystalline peaks have low intensity. This suggests that the as-quenched ribbons are not completely crystallized. On the other hand, for ribbons annealed at 650 o C for 10 minutes, the XRD peaks of the the annealed ribbons are similar to those of as-spun ribbons with y = 0, 2 and 4 but are strongly increased in the annealed ribbon with y = 3 (Fig. 2b) The XRD patterns of the Nb-subtituting Co 79-x Zr 18+x-y Nb y B 3 (x = 2, y = 0 -4) ribbons before and after annealing at 650 o C for 15 minutes are shown in Fig. 3 . It can be seen that, the structure of the as-spun alloy ribbons shows the both soft magnetic phase of fcc-Co and hard magnetic phase of Co 5 Zr (Fig. 3a) . However, by annealing, difraction pattems of the alloy ribbons appear more peaks corresponding to Co 23 Zr 6 soft magnetic phase (Fig. 3b) . 
Magnetic properties of the alloy ribbons
The hysteresis loops of the Co 79-x Zr 18+x-y M y B 3 , (M = Ti, Si and Nb) as-spun ribbons are shown in Fig. 4 . The results show that all the alloy ribbons have hard magnetic properties. However, their coercivities are rather small and less than 2.48 kOe. It should be noted that their coercivities are slightly increased from 2.21 to 2.25 kOe with a small change of the Ti concentration from 1 to 2 at%, and then reaches the highest value of 2.48 kOe with the Ti concentration of 3 at% (Fig. 4a) . When the Ti concentration is further increased up to 4 at%, the coercivity is quickly decreased to 1.32 kOe. For the Si-subtitting Co 79-x Zr 18+x-y Si y B 3 (x = 2, y = 0 -4) as-quenched ribbons, their coercivities are also increased from 3.26 to 3.95 kOe when the Si concentration is increased from 0 to 2 at% and then is quickly decreased to 2.1 kOe with further increasing of the Si concentration up to 4 at% (Fig. 4b) .
This result can be explained by the change of the Co 5 Zr hard magnetic phase fraction, which increases with increasing the Ti concentration from 0 to 3 at% and then decreases with further increasing the Ti concentration up to 4 at% as shown in Fig. 1 and Fig. 2a . For the Nb-subtituting Co 79-x Zr 18+x-y Nb y B 3 (x = 2 and y = 0 -4) as-spun ribbons, similar to those of the Ti and Si-subtituting alloy ribbons, their coercivities are first slightly increased from 2.68 kOe (y = 0) to 2.83 kOe (y = 2) and are then strongly decreased to 1.32 kOe when the Nb concentration is increased up to 4 at%.
To find the tendency of changing coecivity H c of the Co 79-x Zr 18+x-y M y B 3 (M = Ti, Si, Nb, x = 0 -2, y = 0 -4) as-spun alloy ribbons, we summaried its dependence on the concentration of the subtituting elements as shown in Fig. 5 . The result shows that, the optimal substituting concentration and the maximal H c are different for subtituting elements. The subtitution of Si for Zr is most effective to improve the coecivity of the as-spun ribbons. In order to investigate the effect of the annealing process, we annealed the as-spun ribbons at different temperatures from 500 to 800 o C for various durations from 2 to 15 minutes. Figure  6 shows the hysteresis loops of the Co 79 Zr 16 Ti 2 B 3 alloy ribbons before and after annealing at the temperatures of 600, 650, 700, 750 and 800 o C for 10 minutes. The results show that the coercivity of the annealed alloy is strongly increased with increasing the annealing temperature to 650 o C and then is decreased with further increasing the annealing temperature up to 800 o C. Figure 7 shows the hysteresis loops of the Co 79-x Zr 18+x-y M y B 3 (M = Si and Nb, x = 2, y = 0 -4) ribbons after annealing at 650 o C for 10 -15 minutes. We also summaried the dependence of the H c on the annealing temperture of the annealed ribbons as shown in Fig. 8 to find the tendency of changing coecivity H c of the Co 79-x Zr 18+x-y M y B 3 (M = Si and Nb, x = 2, y = 0 -4) alloy ribbons after annealing. The dependence of the coercivity H c on annealing temperature of the Ti-subtituting Co 79 Zr 18-y Ti y B 3 (y = 1, 2, 3 and 4) alloy ribbons annealed for 10 minutes is shown in Fig. 8a . One can see that when the alloyribbons are annealed at temperatures from 500 to 650 o C, their coercivity H c and maximumenergy product (BH) max are in creased up to their maximum values of 3.45 kOe and 3.47 MGOe, respectively. It can be explained that when Ti subtitutes for Zr, a part of Ti atoms penetrating into the lattice of Co 23 Zr 6 and Co 5 Zr phases causes a change the electronic structure of 3d subshell [28] . However, when the annealing temperature is further increased from 650 to 800 o C, the coercivity H c and maximum energy product (BH) max of the alloys are drastically decreased. These changes can be attributed to the change of the volume fractions of the Co and Co 23 Zr 6 soft magnetic phases and the Co 5 Zr hard magnetic phase due to the decomposition of the magnetic hard phase into magnetically soft phases. This decomposition has been investigated for both the Co-Zr and Co-Zr-B alloys at the temperature of 800 o C as reported in Refs. [8, 29, 30] . On the other hand, the annealing temperature dependence of the coercivity for different Si concentrations of y = 0 -4 is shown in Fig. 8b . The highest coercivity of 4.5 kOe was obtained for the ribbon subtituted with 3 at% of Si and annealed at 650 o C for l0 minutes. Figure 8c shows the dependence of the coercivity H c on annealing temperature of the Co 77 Zr 20-y Nb y B 3 (y = 0, 2, 3 and 4) alloy ribbons annealed at 650 o C for 15 minutes. It is found that, the coercivity H c is first increased when the annealing temperature increases from 550 to 650 o C then it is drastically decreased with further increasing the annealing temperature up to 700 o C. The highest coercivity of 3.71 kOe was obtained for the alloy ribbons subtituted with 3 at% of Nb and annealed at 650 o C for 15 minutes.
The annealing temperature dependence of the maximum energy product (BH) max of the Co 79-x Zr 18+x-y M y B 3 (M = Ti, Si, Nb, x = 0 -2; y = 0 -4) annealed ribbons is shown in Fig. 9 . The results show that, the maximum energy product (BH) max reached optimal values when the annealing temperature is in range of 650 -700 °C. With the Ti subtitution, the maximum energy product (BH) max ~3.47 MGOe was obtained with 2 at% of Ti and the annealing temperature of 650 o C for 10 minutes. Meanwhile, (BH) max ~ 3.53 MGOe and 1.5 MGOe were obtained with 3 at% substitution of Si and Nb for Zr and the annealing temperature of 650 o C for 10 minutes and 15 minutes, respectively. These enhancements of the coercivity and maximum energy product can be attributed to the exchange coupling which is strengthened due to the appropriate reduction of grain size. However, the grain size is significantly increased and further different from the optimal size at the higher annealing temperatures [26] .
The optimal magnetic properties of Co 79-x Zr 18+x-y M y B 3 (M = Ti, Si, Nb, x = 0 -2; y = 0 -4) annealed alloy ribbons are summaried and shown in Table 1 . It can be seen that, the concentration of subtituting elements and the annealing temperture significantly affected on the magnetic properties of the alloy ribbons. The optimal results are comparable with those of Co 80 Zr 17 Si 1 B 2 ribbons which are reported by Chang et al. in Ref. [22] . 
CONCLUSION
The Co 79-x Zr 18+x-y M y B 3 (M = Ti, Si, Nb, x = 0 -2; y = 0 -4) alloy ribbons were fabricated by melt-spinning method and annealed at different conditions. Concentration of subtituted elements and annealing temperature strongly influence on the structure and magnetic properties of the alloy ribbons. The structure of the alloy ribbons mainly consists of two magnetic soft phases of Co and Co 23 Zr 6 and a hard magnetic phase of Co 5 Zr. By optimizing the concentration of substituting Ti, Si or Nb elements and annealing process, hard magnetic properties of alloy ribbons are strengthened significantly. In particular, remanence B r = 4.26 kG, coecivity H c = 4.5 kOe and maximum energy product (BH) max = 3.53 MGOe were obtained in Co 77 Zr 17 Si 3 B 3 alloy ribbons annealed at 650 o C for 10 minutes.
